Introduction
Ultrasonic diagnostic equipment using ultrasonic pulseecho techniques is characterized as being minimally invasive and having high versatility. Ultrasonic imaging is a very useful diagnostic method in many medical fields. Recently, an ultrasonic diagnostic imaging system using acoustic radiation force impulse (ARFI) was developed [1] . ARFI systems have focused ultrasonic pulses with a higher power and longer burst time than those in conventional imaging systems. However, the safety standard for ultrasonic diagnostic equipment (IEC 60601-2-27) has not been considered for ARFI imaging systems. Radiating ultrasonic to an organism causes a temperature rise via the absorption of sound intensity. ARFI systems have a long rest time to avoid a high temperature rise. If bone exists near the focal area, a high temperature rise may occur in an organism even with a long rest time [2] . To ensure the safety of ultrasonic diagnostic equipment, it is very important to investigate the temperature rise in organisms caused by the radiation of ultrasonic pulses with a high power and long burst time. Many studies on the temperature rise caused by ultrasonic radiation have been reported [3] [4] [5] [6] [7] [8] . The purpose of this study is to analyze the temperature rise in soft tissue with simulated bone caused by focused ultrasonic radiation. To confirm the precision of numerical analysis, the results of numerical analysis are compared with experiment results in Sect. 3. In Sect. 4, the temperature rise due to ultrasonic radiation, for example, under an ARFI condition is analyzed by numerical analysis.
Analysis method
In this study, to model a circular concave focused transducer and experiment conditions exactly, a three-dimensional calculation is necessary to analyze the sound field and the temperature rise in tissue. The numerical analysis is combined with a finite-difference time domain (FDTD) method and the heat conduction equation (HCE) method in three dimensions [9, 10] . FDTD methods have been used for the calculation of wave propagation. The soft tissue is assumed to be a fluid and is analyzed by an acoustic FDTD method. However, the analysis of wave propagation in solids such as bone is analyzed by an elastic FDTD method that considers shear waves [11, 12] . Assuming a uniform phantom, the dominant equations in the elastic FDTD method for isotropic media are given as follows:
where U is the particle velocity, T c is the compression stress, is the density, and c is the stiffness tensor. The sound intensity distribution, analyzed by the FDTD method, is transformed into a calorific value per unit time q using the equation q ¼ 2aI, where a is the attenuation coefficient, and I is the sound intensity. The temperature rise caused by ultrasonic energy can be analyzed using the HCE method which includes the calorific value. The heat conduction equation is
where T is the temperature, is the thermal conductivity, and c t is the specific heat. The FDTD equations and heat conduction equation are solved by the finite-difference method based on an explicit method. We created a program to simulate the temperature rise caused by ultrasonic radiation.
Comparison of analysis and experiment
The purpose of this section is to confirm the precision of the numerical analysis. The analysis model is assumed to be the same model under the experiment conditions, as shown in Fig. 1 . The results of numerical analysis are compared with experimental results for soft tissue and simulated bone (acryl) subjected to ultrasonic radiation. In our model, it is assumed that a rib or the backbone exists near the focal point. To measure the temperature rise in soft tissue, the manufactured phantom is made of water, agar, glycerin, and other materials [13] . In addition, the physical parameters of soft tissue and simulated bone are actually measured for use in the numerical Ã e-mail: r201370117qn@kanagawa-u.ac.jp y e-mail: endoh@kanagawa-u.ac.jp analysis of the temperature rise. The measured physical parameters are shown in Table 1 . The attenuation coefficient and speed of sound are measured by the immersion method [14] . The density, specific heat, and the thermal conductivity are measured by the specific gravity balance method [15] , the mixture method, and a non-steady-state method [16] , respectively. The sound source used in the analysis is modeled on the concave focused transducer used in the experiment (Sonic Inc., model H-101: frequency 1.06 MHz, 64 mm, curvature radius 63.2 mm, focus distance 60.7 mm). The length and high of the soft tissue are both 90 mm and its depth is 45 mm. The thickness of the simulated bone behind the soft tissue is 10 mm. Measurements are performed at two points, as shown in Fig. 2 . Point A is at the center of the simulated bone in the x-y plane. Point B is 5 mm from the center point. Both points are inside the simulated bone 2 mm from the surface on the x-z axis. The radiation conditions are as follows: the sound intensity is I SPPA ¼ 0:4 or 0.5 kW/cm 2 , the duty ratio is 20% (the radiation time is 20 ms), and the total radiation time is 1 min. The temperature changes in the simulated bone when I SPPA ¼ 0:4 and 0.5 kW/cm 2 are shown in Fig. 3 . The results of the analysis and experiment are in good agreement. However, the difference between the result of the analysis and experiment increases with time. This is considered to be because the physical parameters in the tissue are changed by the high temperature rise, because a difference in the results appeared above a temperature rise of about 7.5 C. It has been reported that the acoustical parameters in a material are changed by a high temperature rise [17] . If the temperature change is 10 C, the speed of sound in bone changes by about 20 m/s. To summarize this section, comparison with the experiment results showed that if the temperature rise is under 7.5 C, the analysis has high precision.
Results of analysis for short pulse radiation and a long rest time
This section gives the results of analyzing the temperature rise caused by ultrasonic radiation, for example, under an ARFI condition. As discussed in the preceding section, if bone exists near the focus area, a high temperature rise may be generated in the bone because bone has a higher attenuation coefficient and lower thermal conductivity than soft tissue. Furthermore, bone is easy to heat and difficult to cool. It is also possible that the heat generated in bone does not dissipate under an ARFI condition even with a long rest time. Therefore, obtaining the temperature rise caused by short pulse radiation and a long rest time under an ARFI condition is necessary to ensure the safety of ultrasonic diagnostic equipment. However, the temperature rise in the case of short pulse radiation and a long rest time is difficult to measure in an experiment. Therefore, this temperature rise during short pulse radiation is estimated by numerical analysis.
The analysis model is the same as that described in Sect. 3. The radiation conditions are as follows: the sound intensity is I SPPA ¼ 1 kW/cm 2 , the total measurement time is 10 s (the radiation time is 1 ms and the rest time is 10 s), and the distance between the focus and the surface of the simulated bone is the 3, 5, or 10 mm. To obtain the thermal effect in soft tissue, the temperature change is measured at the surface of the simulated bone. The obtained normalized temperature distribution is shown in Fig. 4 , which shows the two-dimensional temperature distribution in the x-z plane.
Because the sound field of the circular concave focused transducer is symmetric about the center axis of the transducer in the uniform media, the distribution of heat generation is assumed to be symmetric about the center axis of the transducer in the simulation. Therefore, the temperature rise in the tissue phantom is examined using two-dimensional data in this study. Without bone in Fig. 4 shows the result if only soft tissue is present. If simulated bone exists near the focus area, the temperature rise at the surface of the simulated bone is spread over a wider area than in the case of no simulated bone. In addition, when the distance from the focus to the simulated bone surface is longer, the temperature rise on the simulated bone surface is spread over a wider area. The maximum temperature inside the simulated bone is occurs at two points when the focus is located 10 mm from the simulated bone surface. It is considered that the temperature rise is mainly due to shear waves. The temperature distribution on the center axis of the sound source is shown in Fig. 5 . All these results show that the maximum temperature is 1 mm inside the simulated bone. In addition, it is shown that the temperatures inside the simulated bone are higher than that at the simulated bone surface even if the distance from the focus to the simulated bone surface is 10 mm. The temporal change in the temperature rise at the simulated bone surface is shown in Fig. 6 . Without bone in Fig. 6 is shown the temperature rise at the focus of only soft tissue. In addition, 3, 5, and 10 mm are distance from focus to simulated bone surface respectively. In the case of only soft tissue, the temperature decreased sharply immediately after radiation. When the distance from the focus to the simulated bone surface was 3 and 5 mm, the temperature continued rising after the stop of radiation. Afterward, the temperature decreased slowly. When the distance from the focus was 10 mm, the temperature immediately after radiation was very low, but the temperature continued rising during 10 s. The reason for this phenomenon is that the heat in the simulated bone conducts to the soft tissue. These results are illustrates the temperature rise caused by ultrasonic radiation, for example, under an ARFI condition.
Conclusions
Numerical analysis of the temperature rise in soft tissue with simulated bone caused by focused ultrasonic radiation using the elastic FDTD-HCE method was studied.
For the modeling of the temperature rise in soft tissue and bone under ultrasonic radiation, the precision of numerical analysis was confirmed by the comparison of analysis and experimental results in Sect. 3. When the temperature rise was over 7.5 C, the increased difference between the analysis and experimental results is thought to be due to the change in the physical parameters in soft tissue and simulated bone caused by the high temperature rise. In Sect. 4 , it has been shown that even if simulated bone is located 10 mm from the focus point, the temperature rise at the simulated bone surface is more wide spread and higher than that without simulated bone. These results show that if bone exists near the focal area, the temperature rise in the bone may have an adverse effect on the neighboring soft tissue.
The analysis model in this study, which included the assumption of planar bone, is simple. In the future, to consider the three-dimensional effect of thermal diffusion, the temperature rise in soft tissue with a rib bone should be analyzed using three-dimensional data.
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